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Fivefold surface of quasicrystalline AlPdMn:
Structure determination using low-energy-electron diffraction
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The atomic structure of the fivefold symmetric quasicrystal surface of icosahedral AlPdMn has been inves-
tigated by means of a dynamical low-energy-electron diffraction~LEED! analysis. Approximations were de-
veloped to make the structure of an aperiodic, quasicrystalline surface region accessible to LEED theory. A
mix of several closely similar, relaxed, bulklike lattice terminations is favored, all of which have a dense
Al-rich layer on top followed by a layer with a composition of about 50% Al and 50% Pd. The interlayer
spacing between these two topmost layers is contracted from the bulk value by 0.1 Å, to a final value of 0.38
Å, and the lateral density of the two topmost layers taken together is similar to that of an Al~111! surface. The
LEED structural result is qualitatively consistent with data from ion scattering spectroscopy, which supports an
Al-rich termination.@S0163-1829~98!03713-8#
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I. INTRODUCTION

Over the past few years, a great deal of attention has b
focused on the properties of quasicrystalline surfaces.1–21

This is partly due to the relatively recent availability
single grains of sufficient size for surface studies.22–28Much
of the heightened interest, however, is due to reports of
usual surface properties such as oxidation resistance,29,30 low
surface friction,31,32 superior wear resistance, and other t
bological characteristics.31 Because of these properties, qu
sicrystalline alloys may find important technological applic
tions, including surface coatings for wear resistance
corrosive environments.

It is not yet entirely clear whether the aperiodic orderi
of quasicrystalline alloys33–35 is responsible, in whole or in
part, for the surface properties mentioned above. Never
less, the quasicrystals present us with a new opportunit
study the surface structure, topology, and chemistry of f
damentally incommensurate solids in comparison with th
periodic cousins. Already, some investigations have s
light on fundamental aspects of quasicrystal surfaces as
as introduced new puzzles. Scanning tunnel microsc
~STM! investigations of the decagonal Al-Cu-Co by Korta
et al.,2 and the icosahedral phase of Al-Pd-Mn by Scha
et al.,5,6 prepared by sputtering-annealing cycles in vacuu
have revealed the existence of aperiodic quasicrystalline
der at the surface of these alloys, and of atomic-scale
tures with local fivefold symmetry. After annealing of
AlPdMn surface, fivefold symmetric facets were observed
low-energy-electron diffraction~LEED! and STM, and the
surface topology of these facets can be described by a s
atomically flat terraces with steps of two different heights
a succession corresponding to a Fibonacci sequence.
measurements on cleaved surfaces of Al-Pd-Mn by E
et al.,11 however, revealed a rough surface with clusterl
570163-1829/98/57~13!/7628~14!/$15.00
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features, thus raising questions as to the effect of surf
preparation upon the resulting surface structure. More
cently, the twofold surface of Al-Pd-Mn, prepared by spu
tering annealing, was subjected to low-energy-electron
fraction measurements. The LEED pattern of this surfa
indicates its surface is similar to that in the bulk, since t
spot positions are what would be expected for the unrec
structed surface.13

In this context, it becomes appealing to exploit techniqu
sensitive to the surface geometry to extract informat
about the atomic-scale structure of quasicrystalline surfa
The most well-established of these is dynamical scatte
analysis of LEED intensity-voltage~IV ! data. For periodic
surfaces, this approach has been used successfully to s
the majority of all known detailed surface structures.36 How-
ever, a difficulty arises in applying this technique to qua
crystalline surfaces: because of the aperiodicity, it is
possible to define a unit cell with finite size, and exact fu
dynamical calculations of LEED IV curves are therefore n
feasible. In this paper, we discuss approximations that h
to overcome this difficulty, then apply them to a quantitati
LEED analysis of the fivefold symmetric surface of icosah
dral AlPdMn. We have already reported preliminary resu
from this work elsewhere.12

While LEED is a well-established method to determi
the surface geometry, it is known that LEED IV data are n
very sensitive to moderate changes in metal al
composition.37 Therefore, we complemented our structure
vestigation with a technique uniquely sensitive to the che
cal composition of the topmost layer, namely, low-ener
ion scattering~LEIS!.

This paper is organized as follows: First, experimen
details are presented in Sec. II. In Sec. III, the approxim
tions used for the calculation of the LEED IV curves of
quasicrystal are derived and discussed, and in Sec. IV,
7628 © 1998 The American Physical Society
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57 7629FIVEFOLD SURFACE OF QUASICRYSTALLINE . . .
present the results of a LEED structural analysis of a spe
quasicrystal surface, namely, the fivefold symmetric surf
of the icosahedral AlPdMn phase. In Sec. V, relevant res
on surface composition from ion scattering spectroscopy
given, followed by a discussion of all the results in Sec. V

II. EXPERIMENTAL DETAILS

LEED experiments were performed in an ultrahi
vacuum chamber equipped also for Auger electron spect
copy, mass spectrometry, ion bombardment, sample hea
sample cooling, and introduction of select gases. Other
pers give details about our equipment,8 methods of sample
preparation,38 and data acquisition and reduction
LEED.8,39 Our sample is a flat pentagonal wafer, appro
mately 533 mm2 in surface area, and 1.5 mm thick.

The bulk composition of our sample is Al70Pd21Mn9.
38 In

this paper, we exploit the bulk structure analysis of de Bo
sieuet al., and also compare our results with the STM wo
of Schaubet al. Both of these other groups used samp
with slightly different ~nominal! bulk composition:
Al68Pd23Mn9. The difference between our composition a
theirs is probably negligible for our purposes, given that b
compositions are well within the limits of stability of th
icosahedral phase.

A typical LEED pattern from our sample is reproduced
Fig. 1~a! and a schematic that shows the indexing schem
Fig. 1~b!. Like previous authors, we find that the symme
and spacing of the LEED beams are consistent with the
pothesis that the fivefold surface of this alloy retains the b
quasicrystallinity.8 For the IV analysis, it is important to not
that three rings of bright diffraction spots are visible in t
energy range 70–280 eV. Each ring consists of 10 sp
equidistant from the origin. Each ring of 10 contains tw
inequivalent sets of 5 spots arranged at the corners of
pentagons. Hence, the IV characteristics can~in principle! be
measured for 30 beams—although some are always blo
by the sample manipulator in our front-view geometry. Ea
set of ~up to! 5 symmetry-equivalent spots is averaged, th
reducing the database to 6 symmetry-inequivalent IV curv
The cumulative energy range encompassed by these da
800 eV. All IV data were measured with the sample at 100
to minimize Debye-Waller attenuation. We index one of t
sets of the innermost ring visible in this energy range
~10 000! and equivalent, although two smaller sets are v
ible at lower energies, down to 15 eV.

For purposes of structure analysis, the LEED IV curv
are acquired at normal incidence. The quality of normal
cidence can be judged from Fig. 2, which shows the data
four individual spots, all of which are symmetry equivale
to the ~10 000!. At perfect normal incidence, these curv
should be identical. While this criterion is not met exact
the shapes, positions, and relative intensities of major
tures are reasonably reproduced.

Different methods of surface preparation can yield som
what different surface compositions in this alloy.38 There-
fore, we tested the effect of surface preparation on the
curves. The result of 5 different treatments on the~symmetry
averaged! ~10 000! beam is shown in Fig. 3. In all case
except Fig. 3~f! the sample was initially prepared by 1 ke
Ar1 bombardment for 40 min at 2 to 431025 A cm22 ~this
c
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is the current to ground without bias! and at room tempera-
ture, followed by various annealing programs. The data u
in the structure analysis@Fig. 3~a!# were obtained after an-
nealing at 1000 K for 4 h. Other treatments consisted
annealing at 870 K for 4 h@Fig. 3~b!#; annealing at 870 K for
2 h, then 1050 K for 5 min@Fig. 3~c!#; annealing at 1050 K
for 10 min, then 870 K for 2.5 h@Fig. 3~d!#; and annealing at
1100 K for 10 min, then 870 K for 3 h@Fig. 3~e!#. The data
for Fig. 3~f! were taken on a different sample. In this cas
the treatment was 1 keV Ar1 bombardment for 15 min at
7.531025 A cm22 at room temperature and annealing at 7
K for 30 min. In all cases, a sharp fivefold diffraction patte

FIG. 1. ~a! LEED pattern at 80 eV incident electron energy an
normal incidence. The dark shadow at top and middle is the sam
manipulator, which obscures some spots.~b! Schematic of the
LEED pattern, illustrating the indexing scheme of spots visible
the 70–240 eV range. One set of spots that are symmetry equiva
at normal incidence consists of~10 000!; ~01 000!, ~00 100!,
~00 010!, and~00001!, 72° apart. Another is the same with negativ
labels: (210 000), (021000), etc.
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7630 57M. GIERERet al.
was obtained, and the IV curves were very similar, with o
exception: the energy range below 180 eV for the~10-101!
spot. In general, however, the data used for the struc
analysis are very robust and quite insensitive to details
sample preparation.

It should also be noted that the LEED IV curves are
sensitive to possible surface contamination by oxygen, e
from background adsorption. Elsewhere, we have shown
deliberate exposure to oxygen serves only to reduce the
tensity of the fivefold LEED pattern and increase the ba
ground level; the characteristic IV curves do not change
shape.8 We attribute this invariance to the formation of ve
small crystalline, or amorphous, regions of aluminum ox
that replace the quasicrystalline regions and contribute to
background intensity, but that do not perturb the long-ran
structure of the remaining icosahedral matrix.

Low-energy ion scattering was also performed, in a se
rate chamber and with a separate sample, to gain informa
about surface composition. X-ray photoelectron spec
~XPS! were acquired simultaneously. Both experiments w
performed in a Perkin Elmer Multitechnique Chamb
Model 5500. The base pressure of the chamber
3310210 Torr or better. Other details of the XPS measu

FIG. 2. IV curves of four symmetry-equivalent diffraction spo
at normal incidence.

FIG. 3. IV curves of a single diffraction spot, averaged over
symmetry equivalent beams, after various annealing preparatio
described in the text.
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ments are given elsewhere.9,10 For LEIS, 750 eV3He1 ions
were used with a beam current of 14 nA in a spot w
dimensions of approximately 200–800mm, rastered over a
total area of approximately 2 mm32 mm. With respect to
the surface plane, the incident beam impinges on the sur
at an angle of 50° and the analyzer collects at an angle
45°. The angle between the incident beam and the analy
projected onto the surface plane, is 69°.

The sample was cleaned by Ar1 etching at 4 keV, fol-
lowed by annealing at 870 K for 15–20 min. The LEIS da
were acquired at room temperature. The LEIS experim
was repeated on three separate fivefold samples~each differ-
ent than the one used in LEED experiments, but prepa
similarly!.

Sputtering did not occur significantly during the LEIS e
periments, based upon the invariance of XPS data acqu
before and after the LEIS experiments. It is known that sp
tering with Ar1 changes the surface composition6,15,38 and
the line shape of Mn 2p3/2 photoelectrons.10 Neither such
change was observed as a result of the LEIS measurem
The composition of the surface and near-surface reg
measured with XPS and using sensitivity factors in the P
Access software, version 5.3c, was Al70Pd22Mn8.

III. DEVELOPMENT OF THEORY

Due to the aperiodicity of a quasicrystal, one has to d
with an infinitely large number of atoms with different sca
tering properties. In principle, each atom in a quasicrys
has a different chemical environment beyond nearest ne
bors, and the scattering properties of an atom depend als
the positions of its surrounding atoms in the case of multi
scattering. In a regular periodic crystal, the number of ato
with different scattering properties is restricted by the size
the two-dimensional surface unit cell and the number
atomic planes to be taken into account, which is determi
by the inelastic mean-free path of the electrons. For a qu
crystal, however, this consideration does not hold since
not possible to define a surface unit cell of finite size. Sin
the LEED calculation time increases strongly with the nu
ber of atoms with different scattering properties, exact cal
lations of the LEED IV curves are impossible. In order
reduce the number of atoms with different scattering prop
ties used in the calculation, we have to apply efficient a
proximations that we describe in the following.

As a starting point for the LEED analysis, we used t
bulk structure of Al68Pd23Mn9 determined by x-ray and neu
tron diffraction.40 This provides atomic hypersurfaces lo
cated on the nodes of a six-dimensional bcc lattice. T
three-dimensional structure can then be generated as a
through the six-dimensional lattice. While spherical atom
hypersurfaces were used to model the x-ray data in Ref.
we used a slightly modified model, with the outer shells
the atomic hypersurfaces having tricontahedral shape41

This model leads to reasonable bond lengths in the th
dimensional structure while some of the bond lengths
unreasonably short when using spherical hypersurfaces.
erwise, the geometry and the chemical composition of
atomic planes is very similar, and the distances between
~denser! atomic planes are identical.

It turns out that about 60% of the atoms are in icosahed

l
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57 7631FIVEFOLD SURFACE OF QUASICRYSTALLINE . . .
clusters, the pseudo-Mackay icosahedra, thus locally refl
ing the overall icosahedral symmetry of the quasicrystal. T
densest planes show up perpendicular to the fivefold di
tion. Two bulk planes perpendicular to a fivefold axis a
shown in Fig. 3~a! of Ref. 12, while in Fig. 3~b! of Ref. 12,
the planes are drawn at their respective depthsz. @Note that
in Fig. 3~a!, the registries of these two planes are preser
in the two panels, so that the two figures can be super
posed directly.# As a starting point for our LEED analysis
we assumed that each such plane might represent a su
termination. The assumption of a flat surface is justified
the STM measurements of Schaubet al. that revealed the
occurrence of atomically flat terraces with fivefold symme
after annealing of a AlPdMn quasicrystalline sample. N
that the surface preparation of Schaubet al.was quite similar
with ours as described in Sec. II and Ref. 38.

For the LEED analysis, we first analyzed a large set
such terminations lying in an arbitrarily chosen box with
surface area of 1003100 Å2 and a depth of 50 Å. As a resu
of quasiperiodicity, all of these terminations are in princip
different. Many of them have, however, very similar chem
cal compositions and geometries so that only a finite num
of qualitatively different terminations must be considere
Each of these surfaces is represented as a stack of indiv
planes~parallel to the surface! of coplanar atoms, each suc
plane having its own particular composition and density.

In order to reduce the number of atoms with differe
scattering properties, we divided the crystal into planes
atoms with a particular composition and density and
n
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sumed that all atoms of a certain plane have the same s
tering properties. In the first step of the structure analysis,
averaget-matrix approximation~ATA ! ~Refs. 37,42,43! was
applied to each plane with its own bulklike composition
generate a unique atom with average scattering proper
The scattering matricest i of the individual atoms within one
plane are replaced by an averaged weighted scattering
trix, depending on the average chemical compositionci of
the plane

^t&5cAltAl1cPdtPd1cMntMn . ~1!

This approach is justified by the fact that LEED IV curves,
least for chemically disordered alloys, are in general re
tively insensitive to the chemical identity of the individu
atoms, compared to their positions. One has to be care
however, because the AlPdMn quasicrystal has chemica
der, which may have a stronger influence on the LEED
tensities. Therefore, we performed the final structural refi
ments without using the ATA.

For the calculation of multiple scattering, the variable l
cal environments of the atoms in a particular plane w
replaced by a fixed, simplified average geometry, which w
be explained further below. In the following, we refer to th
approximation as ‘‘average neighborhood approximation
In order to obtain a simplified expression, we considered
scattering amplitude for a large composite layer in the ‘‘gia
matrix’’ notation ~see, e.g., Ref. 44!:
f ~kg!5
1

A (
L,L8

AL~kg
2!H (

a,i a
e

2 ikg
2r i a

(
b, j b

@12X#Li a ,L8 j b

21 e
ik0

1r j b^t l1&bJ BL8~k0
1!.
Here,eik0
1r j b corresponds to the propagation of the incide

wave k0
1 to atom j in plane b, the large, ‘‘giant’’ matrix

@12X#Li a ,L8 j b

21 describes all scattering events beginning

atom j in planeb and ending at atomi in planea in angular

momentum space, ande2 ikg
2r i a stands for the outgoing wav

coming from atomi in planea. AL(kg
2) and BL8(kg

1) are
quantities dependent on spherical harmonics, prefac
etc.44 A is the surface area taken into account in the calcu
tion, in our case a circle with a diameter of 100 Å.

Since we assume that all atoms in planeb are coplanar,

the phase factoreik0
1r j b is equal for all atoms in planeb for

normal incidence. We assume that all atoms in planea have
the same environment and replace the propagator matrix
scribing the propagation from the atoms in planeb to atoms
in planea by its average:

(
j b

@12X#Li a ,L8 j b

21 '
1

I a
(
j a

(
j b

@12X#Li a ,L8 j b

21

:5^@12X#21&La,L8b

for all atoms in planea.
t

t

rs,
-

e-

Thereby,I a is the number of atoms in planea and the brack-
ets stand for averaging over all atoms in planea.

This leads to the following, simplified expression:

f ~kg
2!5 (

L,L8
AL~kg

2!H(
a

Sa~g!e2 ikgz
2 za

3(
b

^@12X#21&La,L8beik0
1zb^t l&bJ BL8~k0

1!,

~2!

with Sa(g)51/A( i a
e2 igri a5 lattice factor of planea.

We still have to find an expression for theX matrix.
Therefore, we simplify^@12X#21&La,L8b by assuming an
averaged propagator matrix^G&:

^@12X#21&La,L8b'@12^X&#La,L8b
21

with ^X&La,L8b5ta l^G&La,L8b

and
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^G&La,L8b52
1

I a
(

i a51

I a

(
j b51

I b

4p i
2m

\2

3(
L1

a~L,L8,L1!i l 1hl 1
~1!~k0ur i a

2r j b
u!

3Yl 1m1
@V~r i a

2r j b
!#.

In addition, a(L,L8,L1) are Clebsch Gordon coefficient
hl 1

(1) andYl 1m1
are Hankel functions and spherical harmoni

respectively, andI a ,I b give the number of atoms in th
planesa andb, respectively.44

In many cases, especially for structures with high symm
try and with normal incidence, theG-matrix elements with
mÞm8 are much smaller than the diagonal elements w
m5m8. This is exploited in the ‘‘diagonal dominance
approximation.45 Thus, we consider onlyG-matrix elements
with m5m8, i.e., only terms withm150. This leads to the
following, simpler expression for the propagator matrix:

^G&La,L8b'2(
dab

4p i
2m

\2 Ndab(l 1
a~L,L8,l 1!i l 1hl 1

~1!

3~k0dab!S 2l 111

4p D Pl 1
$V@dab /~za2zb!#%.

~3!

Here,dab is the distance between an atom in planea and an
atom in planeb, andNdab

the average number of neighbo

~in planeb! of an atom in planea at distancedab . Pl stands
for a Legendre polynomial.

With this approximation, we can perform the calculati
with a small number of atoms with different scattering pro
erties. If we take atoms down to 8 Å into account, we obtain
about 10 planes, i.e., 10 atoms with different scattering pr
erties; contributions of deeper atoms do not influence the
curves significantly since they are strongly damped due
inelastic scattering events. These events are similar
strength in quasicrystals compared to other materials
judged by the measured peak width in LEED IV curves~this
peak width is proportional to the imaginary part of the cry
tal potential, which in turn is simply related to the electr
mean-free path!. The calculation time is now faster than th
time required for a regular crystal with a unit cell containi
10 atoms when using the ‘‘giant matrix method’’~note that
the diagonal dominance approximation saves a consider
amount of computing time!. Useful, also, is the fact that on
need only calculate the scattering properties for the partic
incident and exit beam directions of interest.

Since it is not possible to provide an ‘‘exact’’ theory fo
comparison and testing, we use another, qualitatively dif
ent approximation for reference, namely, the quasidynam
approximation. The~reasonable! assumption is that the dif
ferences between the two approximations will be qual
tively similar to the differences between either approxim
tion and the exact result~the qualitative fit seen in the fina
comparison of our approximate theory with experiment c
,
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firms the validity of this assumption!. The checks were per
formed on the configuration illustrated in Fig. 4. Within th
quasidynamical approximation,46,47 the multiple scattering
within single atomic planes or ‘‘composite’’ layers is ne
glected~composite layers consist of more than one atom
plane, as shown by brackets in Fig. 4!, while scattering be-
tween different planes or layers is taken exactly into acco
by layer stacking~a method similar to layer doubling, fo
nonperiodic stacks of layers!.44 With this approach, we mus
treat layers with a large density and a small interlayer sp
ing as composite layers because the layer stacking me
does not converge otherwise. This represents a net los
accuracy, since all multiple scattering within a compos
layer is neglected.

In the quasidynamical approximation, neglecting intr
layer scattering, one obtains the following kinematic expr
sion for the scattering matrix of a composite layer from be
g8 to beamg

Mgg8
66} (

a51

nlay

^ f a~kg8
6

2kg
6!&•Sa

3~g2g8!•exp@ i ~kg8z
6

2kgz
6 !za#, ~4!

wherebynlay corresponds to the number of planes within t
composite layer,

^ f a~kg8
6

2kg
6!&5

2p

k (
l

~2l 11!Pl~cosQ!^t l&a

FIG. 4. Configuration of icosahedral AlPdMn used for the te
calculations for the ‘‘average neighborhood approximation’’ a
the quasidynamical approximation; the planes are drawn at t
respective depthsz as bars with thickness proportional to the atom
density in each plane, together with their approximate composi
shown in shades of gray~see labeling below!. The planes combined
by brackets are treated as composite layers in the quasidynam
approximation.
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57 7633FIVEFOLD SURFACE OF QUASICRYSTALLINE . . .
is the atomic scattering factor in plane a~averaged according
to the ATA method!, and Sa(g2g8)51/A( i a

exp@2i(g

2g8)r i a
# is the lattice factor of the planea.

The quasidynamical method is, however, rather time c
suming compared to the ‘‘average neighborhood’’ appro
since one has to deal with a large number of beams for wh
the scattering matrix has to be calculated.~This is because
one must provide a good plane-wave expansion of the w
field between planes or layers.! For a quasicrystalline sur
face, we are theoretically confronted with an infinite numb
of Bragg reflections which are dense ink space. Almost all
of these reflections have, however, systematically very sm
intensities and are not visible in the LEED pattern. In ord
to select those beams that we must take into account,
utilized the STM and LEED results of Schaubet al. who
showed that the quasicrystalline long-range order paralle
the surface can be described by a Fibonacci pentagrid
narrow and wide lattice line separations close to 7.38 Å a
11.94 Å; these values can be deduced also from the b
model~see Refs. 4 and 5!. In a first step, we have calculate
the Fourier transform of such a Fibonacci pentagrid. T
Fourier transform corresponds to a kinematical, i.e., sing
scattering, LEED simulation applied to a simple unifor
atom located at each grid intersection in one plane:
resulting beam intensities give an order-of-magnitude ide
the importance of individual beams. We used only bea
with an intensity larger then a certain critical value, typica
about 1/100 of the intensity of the~00 000! beam. The num-
ber of beams can be further reduced if beams are omitted
which the lattice factor is small for all planes of the quas
rystal. We must, however, still include about 100 to 3
beams after this procedure,~depending on the energy tha
varies between 70 and 280 eV in our experimental data! for
which we have to calculate the scattering matrices~4!.

Test calculations using the ‘‘average neighborhood
proximation’’ and the quasidynamical approximation gen
ally lead, for this surface, to similar IV curves. For the
calculations, the LEED program by W. Moritz48 was modi-
fied, and the ‘‘average neighborhood’’ approach@Eqs. ~2!
and ~3!# and the quasidynamical method@Eq. ~4!# were
implemented. In Fig. 5, IV curves obtained with the ‘‘ave
age neighborhood’’ approach are compared with those
culated quasidynamically. The calculations were perform
with 9 atomic planes for the termination shown in Fig. 4. T
good agreement between the curves obtained with the di
ent approximations can be quantified using the PendrR
factor,49 which takes a value of 0.23. This value would
considered rather good for a theory experiment compar
for a complex surface structure.

It is also possible to use the ‘‘average neighborhood
proximation’’ without the ATA. In this case, each plane
divided into two or three subplanes such that each subp
contains only one chemical species. The calculation ti
however, increases because we have to deal with more a
with different scattering properties, in our case with about
atoms instead of 10 atoms with the ATA. Calculations w
and without the ATA shown in Fig. 5, using the configur
tion depicted in Fig. 4 as input, demonstrate that most of
IV curves are again similar.
-
h
h

ve

r

ll
r
e

to
th
d
lk

e
-

e
of
s

or
-

-
-

l-
d

r-

n

-

ne
e,
ms
0

e

A further refinement of the ‘‘average neighborhood a
proximation’’ approach takes into account that, while t
long-range neighborhoods of all atoms are different,
short-range neighborhoods fall into a relatively few clas
of identical local neighborhoods. Considering the limit
electronic mean-free path, the local neighborhood is far m
important in LEED than the distant neighborhood. We th
put only atoms with similar local environment together
one subplane. In so doing, the approximation that the s
tering properties of all atoms within a subplane are eq
should be more accurate. One can, for example, assume
the local environments of two atoms are similar if th
nearest-neighbor distances and the numbers of nearest n
bors~coordination! are equal. In order to refine our approx
mation, we first determined the nearest-neighbor dista
and the coordination for the atoms in the topmost four pla
of the termination shown in Fig. 4. We separated all ato
within the first four planes in different layers that do not ha
the same nearest-neighbor distance or coordination and
culated IV curves using the ‘‘average neighborhood appro
mation.’’ This procedure yielded 12 inequivalent atom
within the topmost four planes to be dealt with. Details abo
these atoms, including local geometries and concentrati
are given in Table I. As shown in Fig. 5, the calculation lea
to IV curves which are almost identical with those perform
with only one atom per plane. The close similarity of the
curves is another indication that the ‘‘average neighb
hood’’ approximation is reliable for the fivefold surface o
AlPdMn.

FIG. 5. Comparison of calculated IV curves for different a
proximations: the ‘‘average neighborhood’’ approach~repeated as
thin lines for comparison with the other approximations!, the same
without ATA, the quasidynamical approximation, and the ‘‘refin
average neighborhood’’ approach; for the local geometries use
the ‘‘refined average neighborhood approach,’’ see Table I.
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TABLE I. Refinement of the ‘‘average neighborhood’’ approximation. Atoms with different coordination and nearest-neighbor d
are separated into different layers~details see text!. The bulk termination shown in Fig. 4 yields the nearest-neighbor~NN! distance, the
number of nearest neighbors~coordination!, and concentrations for the first 12 layers given here.

Layer z ~Å!
NN

distance No. of nearest neighbors
Lateral density

(atoms/10 000 Å2) cAl ~%! cPd ~%! cMn ~%!

1 0.10 2.57 Å 3 761 98% 2%
2 0.10 2.57 Å 4 41 62% 38%
3 0.10 2.57 Å 5 69 2% 98%
4 0.48 2.57 Å 4 148 90% 10%
5 0.48 2.57 Å 5 116 86% 14%
6 0.48 2.57 Å 6 99 30% 70%
7 0.48 2.57 Å 7 97 0% 100%
8 1.26 2.81 Å 11 112 100%
9 2.04 2.57 Å 4 11 100% 0% 0%

10 2.04 2.57 Å 5 44 86% 14% 0%
11 2.04 2.57 Å 6 149 53% 40% 7%
12 2.04 2.57 Å 7 365 8% 71% 21%
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To summarize this section, we have with the ‘‘avera
neighborhood’’ approach an approximation at hand wh
takes many of the most important scattering paths withi
quasicrystal properly into account. Within this approach,
scattering properties of all atoms in a plane are assume
be equal, and the average neighborhood of an average
in a given plane is described by a kind of radial distributi
function: a representative number of neighbor atoms is
tributed uniformly on rings, with proper polar angles b
without regard to proper azimuthal angles. This local ‘‘clu
ter’’ is summed over in the sense of the lattice sum fami
in the X matrix of LEED theory. TheX matrix, which de-
scribes the propagation of the electron wave field within l
ers, is thereby assumed to be independent of the azimu
angle; this works best at normal incidence, as used in
experiment. Inversion of theX matrix then introduces mul
tiple scattering paths within the layers to infinite order. Th
is evidenced by checks using the quasidynamical approxi
tion. Within the ‘‘average neighborhood’’ approach, we c
calculate IV curves of a quasicrystal with a small number
atoms with different scattering properties, typically about
The approximation was checked for the Al70Pd21Mn9 system,
but it should work also for other quasicrystals, especially
they consist of weaker scatterers, compared to Mn or Pd~as,
for example, the icosahedral phases of AlLiCu and AlCuF!.
In the following section, we use this approach to analyze
surface structure of icosahedral AlPdMn.

IV. LEED STRUCTURAL RESULTS

In analyzing the experimental LEED data, we first a
sumed single terminations of the bulk, i.e., no mix of term
nations due to possible steps. For the calculations, we us
relativistically calculated phase shifts of Al, Pd, and M
Temperature effects were described using temperat
dependent phase shifts and a Debye temperature of 480 K
Al, Pd, and Mn. The PendryR factor was used for compari
son between theory and experiments, and error bars w
derived from the variance of theR factor.49 For structural
refinement, intensity mixing over different terminations a
simultaneous optimization of the perpendicular positions
e
h
a
e
to
om

s-

-
r

-
al
e

a-

f
.

f

e

-
-

9
.
e-
for

re

f

the topmost planes with respect to the PendryR factor was
performed; therefore, the linear LEED approximation50 in
combination with the Powell optimization scheme was a
plied. Linear LEED works very well for the AlPdMn system
at least as long as the deviations between trial and refere
structure are smaller than about 0.2 Å~which was always the
case in our analysis!.

To start the structural analysis, the perpendicular positi
of the topmost two atomic planes were optimized for ea
termination within a cube with a surface area of 1003100 Å2

and a depth of 50 Å, chosen arbitrarily to represent an av
age piece of bulk quasicrystal. Two inequivalent surface o
entations have to be checked, related to each other by a
tation of 180°. One of these orientations gave, however, v
badR factors for all tested terminations and can be ruled o
The other orientation yieldedR factors varying from about
0.42 to 0.85 for the different terminations, as shown in F
6. The best terminations have two features in common. F
they consist of a dense pair of outermost atomic planes w
an interlayer spacing of about 0.4 Å. Second, the outerm
of these two planes is composed primarily of Al, mixed wi
0 to 16% Mn, while the innermost of this pair of plane
consists mainly of Al and Pd and only small amounts of M

Next, one has to take into account that terraces with
ferent terminations, separated by steps, are present on
surface. In order to model the case of terraces, different
minations were averaged together by intensity mixing w
equal weight. After mixing the intensities of the differe
terminations, we optimized the perpendicular positions of
four topmost planes. By averaging over different termin
tions one can, however, introduce an arbitrarily large num
of parameters in the fit procedure. In order to restrict
number of fit parameters, we assume the layer distance
all terminations taken into account in the mixing to be equ
this is justified because the nonmixed terminations giving
bestR factors are quite similar, and the bulk values of t
topmost interlayer spacings between the denser ato
planes are identical~see Fig. 6!. In this way, we get for a
given group of terminations only five fit parameters, name
the perpendicular positions of the topmost four layers and
real part of the inner potential.
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57 7635FIVEFOLD SURFACE OF QUASICRYSTALLINE . . .
For the mixing, we took the 10 terminations giving th
bestR factors~indicated by the arrows in theR factor plot in
Fig. 6! and mixed them with equal weight. In this way, theR
factor could be reduced to 0.31. The optimum geometry
shown in Fig. 7 and Table II. The topmost plane is relax
inwards by 0.0660.04 Å while the positions of deepe
atomic planes are close to their bulk values. The dista
between the topmost and second plane of 0.3860.13 Å is
contracted by about 0.1 Å compared to its bulk value of 0
Å. Refinement of the positions of deeper planes does not
to a significantR factor improvement, and neither does
optimization of the weight factors of the terminations. T
average chemical composition of the topmost atomic plan
calculated for the bulk like terminations, is 93% Al and 7
Mn for the topmost plane, and 49% Al, 42% Pd, and 9%
Mn for the second plane. The average composition of
two topmost planes taken together is Al77Pd15Mn8. All of
these values are compiled also in Table II; the averaged l
densities are given in Fig. 8~a!. The averaged lateral densit
of the two topmost planes taken together is 0.136 atoms/2,
a value comparable to that of a single plane of the clo
packed Al~111! surface; this indicates a rather dense
packed surface. Thereby, the density of the topmost plan
higher than for the second plane for the majority of the t
minations. The IV curves calculated for the optimum geo
etry, obtained after intensity mixing over the terminatio
marked by arrows in Fig. 6 and optimization of the first fo
interlayer spacings~see Table II!, are compared with the ex
periment in Fig. 2 of Ref. 12.@Note, however, that one spo
was mistakenly labeled as~-1100-1! in Ref. 12; it should
have been~-1010-1!.#

A closer look at the configurations yielding the betterR
factors reveals that there are terminations that were not ta
into account in the mixing and giveR factors which are only

FIG. 6. R factors for different terminations of bulk icosahedr
AlPdMn, depending on the surface heightz of the termination.~For
each plane shown as a vertical bar, the surface consists of this p
and all planes with higherz values; planes with smallerz values are
cut away!. The terminations giving the bestR factors are marked by
arrows @see also Fig. 8~a!#. The configuration marked by square
belong to a group of terminations with a somewhat different geo
etry @see Fig. 8~b!#; the structure analysis reveals that terminatio
marked by full arrows probably prevail~see text!. In the lower part,
the atomic planes are shown, at their respective depthsz, as bars
with thickness proportional to the atomic density in each layer.
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slightly worse. Most of these terminations fall into a grou
marked by squares in Fig. 6. In Fig. 8~b!, the geometry of
these terminations is shown. An Al plane on top is follow
by a mixed Al-Pd-Mn layer at a distance of 0.48 Å; in co
trast to most of the optimum terminations marked by arro
in Fig. 6, the density of the second plane is larger than tha
the topmost plane. A look at Fig. 8 reveals differences also
deeper layers. The terminations marked by arrows in Fig
have a dense plane 2.04 Å underneath the surface, which
only small density or is missing for the terminations mark
by squares. There are also terminations sharing feature
both groups, one of which can be seen in Fig. 6 az
54.08 Å ~thereby,z describes the position of the topmo
plane, and thez axis points towards the bulk!.

A mixing of the terminations marked by squares in Fig
with optimization of the topmost interlayer spacings yield
only anR factor of 0.45, compared to 0.31 with the config
rations marked by arrows. Hence, it can be ruled out t
these terminations are solely present at the surface. A mix
of the optimized configurations for the ‘‘square’’ and ‘‘a
row’’ terminations with equal weight does not change theR
factor significantly. Refined calculations without the AT
described below, however, lead to a significant worsening
theR factor when adding the terminations marked by squa
in Fig. 6, so that there is evidence that the surface cons
mainly of terminations like those marked by arrows.

In the calculations described above, we neglected
chemical ordering parallel to the surface by applying the
eraget matrix approximation for the scattering factors of th
atomic planes. Next, we took this chemical ordering in
account, by performing calculations without the ATA. F
structural refinement, we averaged over different termi
tions and optimized the perpendicular positions of the t
most atomic planes. These calculations lead, however
worseR factors than calculations with the ATA~Table II!.
After averaging over the terminations yielding the bestR

ne

-
s

FIG. 7. Optimum geometry found in the LEED structural ana
sis; the first four interlayer spacings were optimized~corresponding
bulk values are shown in parentheses!; deeper interlayer spacing
were kept fixed at their bulk values. The planes are drawn at t
respective depthsz, as bars with thickness proportional to th
atomic density in each plane, together with their approximate co
position, as labeled below.
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TABLE II. Optimized PendryR factor andz positions of the atomic planes after intensity mixing of terminations marked by arrow
Fig. 6 and averaged chemical positions~position of the topmost layer in Fig. 6:z5227.96,223.88,217.28,210.68,26.60, 0.00, 4.08,
10.68, 17.28, and 27.96 Å!. The z axis points towards the bulk, andz50.0 is the position of the topmost layer in the unrelaxed b
configuration. Shown are the results for calculations with and without ATA, and with various Mn and Al concentrations in the topm
second layer.

Optimum geometry Chemical composition

RP Vertical positions of layer 1-4 layer 1 layer 2 layer
112

ATA, bulklike 0.31 z15(0.0660.04) Å 93% Al 49% Al 77% Al
chemical comp. z25(0.4460.12) Å 0% Pd 42% Pd 15% Pd

z35(1.1960.15) Å 7% Mn 9% Mn 8% Mn
z45(2.0460.15) Å
z55(2.5260.05) Å

ATA, Mn 0.32 z15(0.0660.04) Å 100% Al 49% Al 82% Al
replaced by Al in z25(0.4460.12) Å 0% Pd 42% Pd 15% Pd
1st layer

z35(1.1960.15) Å 0% Mn 9% Mn 3% Mn
z45(2.0460.15) Å

no ATA, bulklike 0.43 z15(0.0860.05) Å 93% Al 49% Al 77% Al
chemical

z25(0.4560.10) Å 0% Pd 42% Pd 15% Pd
composition

z35(1.2260.15) Å 7% Mn 9% Mn 8% Mn
z15(2.0360.15) Å

no ATA, Mn 0.37 z15(0.0660.04) Å 100% Al 49% Al 82% Al
replaced by Al in

z25(0.4360.08) Å 0% Pd 42% Pd 15% Pd
1st layer

z35(1.1960.15) Å 0% Mn 9% Mn 3% Mn
z45(2.0460.15) Å

no ATA, Mn 0.37 z15(0.0660.04) Å 100% Al 58% Al 85% Al
replaced by Al in

z25(0.4360.08) Å 0% Pd 42% Pd 15% Pd
1st and 2nd layer

z35(1.2060.15) Å 0% Mn 0% Mn 0% Mn
z45(2.0760.15) Å
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factors ~see arrows in Fig. 6!, an R factor of 0.43 was ob-
tained ~compared to 0.31 with ATA!. The positions of the
topmost atomic planes are nevertheless almost identical
those obtained with the ATA method, indicating that the o
timum structure depends little on the approximation used

Mixing the terminations marked by squares in Fig. 6
gether with the terminations marked by arrows leads t
worsening of theR factor without ATA. To this end, the
vertical positions of the topmost atomic planes were o
mized, leading to aR factor value of only 0.56~see Table
III !. The resulting IV curves were mixed with those obtain
for the optimum configuration of the terminations marked
arrows. It turns out that theR factor gets significantly worse
if more than 30% of the surface is covered with the termi
tions marked by squares in Fig. 6.

The worsening of theR factor without the ATA method
could have several reasons: either details of the geom
are still not correct, or the chemical composition and ord
ing within the fivefold symmetric planes is different in th
surface region than in the bulk. The experiments with l
ion scattering spectroscopy described in Sec. V, for exam
revealed that there is only little or even no Mn at the surfa

Therefore, we varied the chemical composition of the to
most plane and replaced Mn by Al. All calculations we
ith
-

-
a

i-

-

try
r-

le,
.
-

done by mixing over the terminations marked by arrows
Fig. 6 and optimization of the four topmost layer spacing
the results are listed in Table II. The replacement of Mn
Al in the topmost plane leads to a slight improvement of t
R factor from 0.43 to 0.37~without applying the ATA!. This
R factor improvement may indicate some segregation of
into the topmost layer, in accordance with the LEIS resu
described in the next section. Replacement of Mn by Al a
in the second plane does not affect theR factor. We expect to
get more details about chemical ordering by analyzing ot
surface orientations such as, for example, the twofold sy
metric surface. In our preliminary investigations, the d
fracted intensities of quasicrystalline twofold symmetric s
faces are in general very sensitive to the chemical identity
the atoms; it is even possible that intensities of some sp
vanish completely without chemical ordering.

Finally, we describe results of calculations with a strong
corrugated surface with intact Mackay-type clusters. Th
calculations are motivated by the fact that there is evide
for surface roughness after cleavingin situ, with aggregates
of Mackay-type clusters at the surface.11 For the calculations,
we used a termination of the group marked with arrows
Fig. 7, namely, the one withz526.60 Å. This termination
contains many intact pseudo Mackay icosahedra in the
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57 7637FIVEFOLD SURFACE OF QUASICRYSTALLINE . . .
face region. In a first step, only atoms within the Mack
clusters were taken into account for the topmost planes.
topmost atoms of the clusters are located atz526.60 Å
while the equatorial plane of the clusters consists of a r
with 10 atoms atz522.04 Å @Fig. 9~a!#. The equatorial
plane is the first layer for which all atoms are taken in
account in the calculation. An optimization of the topmo
interlayer spacings led, however, to a badR factor (R
50.68) so that this configuration can be ruled out.

In Fig. 9~a! one can see also fractions of ‘‘10 rings’’ i
the equatorial plane that belong to fractions of Mackay-ty
clusters. By taking the atoms within these clusters additi

FIG. 8. Averaged lateral densities and bulk positions of
atomic planes~a! for the terminations marked by arrows in Fig.
~position of the topmost layer in Fig. 6:z5227.96, 223.88;
217.28; 210.68; 26.60, 0.00; 4.08, 10.68, 17.28, and 27.96 Å!,
~b! for the terminations marked by squares in Fig. 6~position of the
topmost layer in Fig. 6:z5219.80, 213.20, 22.52, 14.76, and
25.44 Å!. The planes are drawn at their respective depthsz, as bars
with thickness proportional to the atomic density in each pla
together with their approximate composition as symbolized at b
tom of figure~parentheses indicate minority species!. The position
of the topmost atomic plane is chosen as the origin for thez axis.
he

g
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ally into account, one gets a surface with a higher density
the topmost planes, see Fig. 9~b!. TheR factor for this con-
figuration is improved to 0.52.

The ‘‘flat’’ surface termination is shown in Fig. 9~c!. A
LEED calculation for this termination leads to anR value of
0.38, thus indicating that the surface is not strongly cor
gated at an atomic level. One should note that one gets
ready 85% of the density of the topmost and second plane
taking the atoms of the Mackay-type clusters@Fig. 9~b!#, the
Pd atoms in the third plane@stars in Fig. 9~c!#, and all atoms
in the topmost layers which are coordinated to these Pd
oms.

In summary, our LEED structural analysis strongly su
gests that the fivefold symmetric surface of icosahed
AlPdMn consists of densely packed, Al-rich terminatio
that are all very similar. The topmost atomic plane cons
mainly of Al, mixed with about 10% Mn. One cannot ru
out from the LEED analysis that the topmost layer cons
only of Al. The second plane is a mixed Al-Pd layer wi
about 50% Al and 50% Pd. The topmost atomic plane
relaxed towards the bulk by 0.0660.04 Å, while the posi-
tions of the deeper layers are almost bulklike.

V. CORROBORATING EXPERIMENTAL DATA

In principle, LEIS is a quantitative technique that
uniquely sensitive to the elemental composition of the to
most surface layer. Therefore, we implemented LEIS a
check on the LEED structural results.

Experimental data from one LEIS experiment are sho
in Fig. 10. For purposes of quantitative analysis, the inst
ment was calibrated to the pure elements using polycrys
line Mn, Al~111!, and Pd~100!. The three peaks in the spec
trum of the quasicrystal at highest kinetic energy corresp
to scattering from each of these three types of atoms
labeled. At lowest kinetic energy, a small peak represe
oxygen contamination. In principal, the intensities of ind
vidual peaks can be used to extract the atomic densitie
individual species at the surface. This is done by compar
to intensities of pure elemental standards, which have kno
surface densities. The procedure assumes that relative s
tivity factors in ion scattering do not depend on chemic
environment.51
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TABLE III. Optimized PendryR factor andz positions of the atomic planes after intensity mixing
terminations marked by squares in Fig. 6 and averaged chemical compositions~position of the topmost layer
in Fig. 6: z5219.80,213.20,22.52, 14.76, and 25.44 Å!. Shown are the results for calculations with an
without ATA.

Optimum geometry Chemical composition

RP Positions of
topmost layers

layer 1 layer 2 layer
112

With ATA 0.45 z15(20.0260.07) Å 100% Al 35% Al 52% Al
z25(0.4760.07) Å 0% Pd 39% Pd 28% Pd
z35(0.9660.15) Å 0% Mn 26% Mn 20% Mn
z55(2.5060.10) Å

Without ATA 0.57 z15(0.0860.07) Å
z25(0.5860.07) Å
z35(1.0060.15) Å
z55(2.4960.15) Å
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FIG. 9. Configurations used for the IV calculations for a rough surface, together with theR factor values and optimized layer position
~the origin corresponds to the position of the topmost layer in the unrelaxed configuration!. For these configurations, the termination wi
z526.60 Å ~see Fig. 6! was taken.~a! Only atoms within pseudo-Mackay icosahedra~PMI! were taken. Full circles: topmost atoms of th
PMI; open circles: 2nd plane~0.48 Å underneath!; grey circles: third plane~2.04 Å underneath!. Grey, open circles: plane 4.56 Å undernea
this is the first plane where all atoms are taken into account in the IV calculation. The equatorial planes of the Mackay clusters lie w
plane and consist of rings with 10 atoms. Fractions of such rings, one of which is indicated by the solid line, belong to frac
~overlapping! Mackay type clusters. Two further planes, located 2.52 and 4.08 Å underneath the topmost plane, are not shown.~b! Structure
with higher density in the topmost layers, obtained by adding the atoms within the incomplete ‘‘fractions’’ of Mackay type clusters
9~a!. The stars are Pd atoms, lying 3.30 Å underneath the topmost plane.~c! complete, bulklike termination. Indicated by the arrow is
pentagonal hole. These holes are located at the nodes of a Fibonacci pentagrid, as well as the Mackay clusters of Fig. 9~a!.
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There are two main sources of uncertainty in extract
quantitative data from the LEIS data. First is the fact that
density of Mn atoms in the reference sample is unkno
because of its polycrystallinity. An upper estimate of t
surface density is probably 1.8831015 atoms cm22, which is
the 2

3 root of the volume density; based on low-index surfa
densities of common single-crystal metals, we estimate
half this value is probably the lower limit. The second u
certainty comes from the fact that the background in
spectral region is rather large, as shown in Fig. 10. T

FIG. 10. Ion scattering spectra for a fivefold surface of icosa
dral AlPdMn. Thex axis shows the ratio of scattered ion energyEs

to incident ion energyEi . The dashed line is a fifth-order polyno
mial, constrained to fit to the energy ratio ranges of about 0.2
0.52, 0.609–0.613, 0.82–0.83, and 1.04–1.10 eV.
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background is attributed to multiple scattering in multicom
ponent systems. At one extreme, we have implemente
fifth-order polynomial fit of the background and subtract
this in calculating integrated peak intensities.~This is most
similar to the background estimation suggested in the lite
ture, which is simply a line drawn between valleys of adjo
ing peaks.52,53! The dashed line in Fig. 10 shows the polyn
mial approach. In the other approach no background w
subtracted. The concentrations obtained with all these
proaches are summarized in Table IV, which shows that
certainties due to the Mn concentration and the backgro
subtraction exceed the statistical uncertainties. The value
Table IV probably encompass the true concentrations.
result is that the Al concentration is 83.4–86.3%, Pd is 10
13.8%, and Mn is 0.4–6.3%. Hence, the surface laye
enriched in Al, and deficient in Pd, relative to the bulk co
centrations. There is also depletion of Mn.

If, as the LEED analysis suggests, the two top layers
separated by only 0.4 Å, LEIS may sample both laye
Its sensitivity to the second layer probably will be less th
that of the top layer, but still significant. At this time, w
cannot weight the contributions of these two layers quant
tively, but we can set limits. At one extreme, the seco
layer could be weighted equally with the top layer, yieldin
an average surface composition~from LEED! of
Al77Pd15Mn8; at the other extreme, the second layer could
invisible, yielding an average surface composition
Al93Pd0Mn7. One would expect the real experimental res
from LEIS to lie somewhere between these two extrem
which is true for the Al and Pd concentrations.~For Al, 77
,83– 86,93, and for Pd, 0,10– 14,15!. The Mn concen-
tration, however, falls below the minimum value of 7% pr
dicted from LEED, suggesting that there may be replacem
of Mn by another metal—probably Al—at the surface site

-

–
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Therefore, we carried out LEED calculations also with M
being replaced by Al in the topmost layer~see Sec. IV and
Table II!. These calculations showed that also a Mn deple
topmost layer is consistent with the results of the LEE
analysis.

The LEIS result can also be used to rule out two classe
terminations in Fig. 7: the Pd-pure layers indicated
well-spaced dashes~since these would require the surfa
composition to be at least 50% in Pd!; and many of the 50-50
AlPd layers represented by closely-spaced dashes~since
many of these lie on top of a pure Pd layer, and hence wo
also require the composition to be no less than 50% Pd!. A
composition of 50% Pd in the surface layer falls well outs
the furthest reasonable estimate of surface composition li
in Table IV.

In summary, an exact quantitative comparison betw
the LEIS data and the LEED model is not possible, pa
because of uncertainties in extracting concentrations f
the experimental data, and partly because of uncertain
about the degree to which each of the top two planes wo
contribute to the LEIS signal. Broadly, however, the LE
results are consistent with the LEED structure analysis
that LEIS indicates an aluminum-rich composition. Also
agreement with LEED, the LEIS results serve to exclu
certain Pd-rich classes of terminations.

VI. DISCUSSION

Some of the properties of the quasicrystalline surface
ometry found in this analysis can be understood in terms
principles known to govern the structures of periodic cr
talline metals. In general, for example, close packed m
surfaces are most stable, and this appears to hold also fo
icosahedral AlPdMn quasicrystal. STM and LEED measu
ments of Schaubet al., who investigated the surface stru
ture of microfacets that formed on the twofold surface of
AlPdMn icosahedral alloy upon heating in vacuum,4,5 re-
vealed that microfacets grown perpendicular to a fivef
axis prevail. As shown in our LEED analysis, the fivefo
symmetrical surface consists of rather densely packed te
nations: the two-dimensional density of the topmost t
atomic planes combined together is about 0.136 atoms/2,
compared to the value of 0.141 atoms/Å2 for one plane of
the close packed Al~111! surface.

The Al-rich terminations found here also correlate w
factors known to govern surface compositions of crystall
d

of
y

ld

ed

n
y
m
es
ld

n

e

e-
f

-
al
the
-

e

d

i-

e

alloys. At those simpler surfaces, one finds preferential s
regation by components with the lower surface free ener
larger atomic volume, and more positive heat of solution54

~Surface free energy typically is the dominant factor.! The
Al-rich terminations found here are expected if these fact
are taken into account.54,55

Our LEED structural analysis, as well as the STM me
surements by Schaubet al., point towards an atomically fla
surface after the surface treatment with sputtering and
nealing as described above.4–6 While the LEED IV data are
consistent with a surface that is flat on an atomic level,
sharpness of the LEED spots indicates that the ordered
of the surface is not rough on a larger scale of several 10
~the coherence length of the LEED beam!. Otherwise, one
would expect a broadening of the spots due to the worsen
of the lateral long-range order. In contrast, STM investig
tions of Al-Pd-Mn prepared byin situ cleavage revealed sig
nificant atomic scale roughness.11 In that study, the surface
structure was found to be determined by cluster aggreg
formed on the basis of an elementary cluster whose diam
of about 10 Å points to the pseudo-Mackay icosahed
~PMI!. Although the surface morphology is different, there
evidence that many of the Mackay-type clusters are pre
also in the structure we found by LEED; they are, howev
embedded within an Al-rich surface layer. This can be se
for example with the termination shown in Fig. 9. It is als
instructive to compare the positions of the topmost atom
planes with the vertical positions of atoms in a PMI orient
along a fivefold axis. It turns out that each plane of t
Mackay cluster has its counterpart in the AlPdMn surfa
structure~see Fig. 11!. This gives evidence for many intac
pseudo-Mackay clusters in the surface region, with some
the atoms in the surface layer being the topmost atom o
PMI and the others filling in the spaces between the PMIs
yield a flat surface. These findings are in line with rece
photoelectron diffraction experiments that gave direct e
dence for the existence of pseudo-Mackay icosahedra in
surface region.19

The terminations found in this structure analysis comp
well with the step structure seen with STM. We found a m
of very similar terminations, many of which are separated
steps with heights of 4.08 Å or 6.60 Å, as observed also w
STM. Next, we try to correlate other surface features s
with STM to local structures in our model. In the STM
study,4,5 fivefold symmetric holes with quasiperiodic long
range order were found; they have the same orientation
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all terraces. By connecting their edges with straight lines
Fibonacci pentagrid with line separations of 7.38 Å a
11.94 Å can be constructed. Fivefold symmetric clust
with a similar quasiperiodic long-range order can be d
cerned also in the surface terminations that we found
LEED. The Mackay-type clusters of Fig. 9~a!, for example,
lie on such a Fibonacci pentagrid. With the densely pac
surface of Fig. 9~c!, only their topmost two planes are ex
posed to the surface, showing up as pentagons with an
atom in the topmost plane, surrounded by five Al or Pd
oms about 0.4 Å underneath. These Al/Pd pentagons ca
seen for all terminations we found, and their orientation

FIG. 11. The geometry of a pseudo-Mackay icosahedron~PMI!
oriented along a fivefold symmatric axis, compared with the la
sequence of the optimum terminations determined in the LE
analysis. Grey: dodecahedron, black: icosidodecahedron of
Mackay cluster~the small dodecahedron, with atoms lying 2.52
underneath the topmost atom, is not shown!. Each plane of the
Mackay cluster has its counterpart in the Al-Pd-Mn surface str
ture. The topmost layer of the structure found by LEED coincid
with the topmost plane of many Mackay icosahedra.
, a
d
rs

is-
by

ed
-
Al
t-
be

is

always the same. Another fivefold symmetric feature is t
deeper and larger fivefold symmetric hole marked by t
arrow in Fig. 9~c!. These holes are also located on the nod
of a Fibonacci pentagrid and have the same orientation
all terminations~however, they have very low density fo
some terminations!. One may speculate that one of those tw
features gives rise to the appearance of the fivefold symm
ric holes in STM.

In summary, we have described a first attempt at solv
the surface structure of a radically new class of materials,
adapting and utilizing techniques that are known to work
more traditional materials. According to the tradition
benchmark of such analyses, theR factor, a successful resul
has been obtained. However, there is undoubtedly m
more to be learned. In order to refine and test this approa
it will be necessary to apply it to other types of quasicryst
line surfaces, and to always compare the results with d
from complementary experimental techniques. We are n
beginning such analyses for the twofold surface of icosa
dral AlPdMn, and for the fivefold surface of icosahedr
AlCuFe.
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